Cardiac dysfunction is a key factor in the high morbidity and mortality rates seen in hemodialysis (HD) patients. Much of the dysfunction is manifest as adverse changes in cardiac and vascular structure prior to commencing dialysis. This adverse vascular remodeling arises as a dysregulation between pro-and anti-proliferative signaling pathways in response to hemodynamic and non-hemodynamic factors. The HD procedure itself further promotes cardiomyopathy by inducing hypotension and episodic regional cardiac ischemia that precedes global dysfunction, fibrosis, worsening symptoms and increased mortality. Drug-based therapies have been largely ineffective in reversing HD-associated cardiomyopathy, in part due to targeting single pathways of low yield. Few studies have sought to establish natural history and there is no framework of priorities for future clinical trials. Targeting intra-dialytic cardiac dysfunction by altering dialysate temperature, composition or ultrafiltration rate might prevent the development of global cardiomyopathy, heart failure and mortality through multiple pathways. Novel imaging techniques show promise in characterizing the physiological response to HD that is a unique model of repetitive ischemia-reperfusion injury. Reducing HD-associated cardiomyopathy may need a paradigm shift from empirical delivery of solute clearance to a personalized therapy balancing solute and fluid removal with microvascular protection. This review describes the evidence for intra-dialytic cardiac dysfunction outlining cardioprotective strategies that extend to multiple organs with potential impacts on exercise tolerance, sleep, cognitive function and quality of life.
Introduction
It is established for twenty years that there is a stepwise increase in mortality with advancing stages of Chronic Kidney Disease (CKD) and that cardiovascular disease is the major cause of death. It is further recognized that there is a graded transition from atherosclerotic causes of death in early-stage CKD to non-atherosclerotic events in end-stage kidney disease patients using HD or peritoneal dialysis (1). Drug-based therapies that reduce atherosclerotic risks in those with predialysis CKD, have reduced or no proven benefit in those using HD. Trials of drug therapies directed at novel CKD-specific risk factors have yet to make a measurable impact. Several drugs that completely attenuated experimental uremic cardiomyopathy, had no detectable effects in the clinical setting. A myopic focus on drug-based interventions might fail on several levels by:
An incomplete understanding of natural history ii) Operating too late in the natural history to reverse pathology iii) Addressing low-yield, single pathway targets rather than high-yield final common pathways HD-associated cardiomyopathy results from adverse changes in cardiac and vascular structure and function in early-stage CKD compounded by the repeated injury that the HD procedure can impose. Intra-dialytic cardiac dysfunction is characterized by transient episodes of cardiac ischemia, regional ventricular dysfunction and intra-dialytic hypotension that precedes global cardiac dysfunction and increased mortality. This mirrors the cascade of cardiac ischemia. We recently proposed that as repetitive HD-induced cardiac dysfunction further accelerates adverse cardiac remodeling, the term HD-associated cardiomyopathy be used to distinguish the separate effects of pre-dialysis CKD. Intra-dialytic cardiac dysfunction may underlie the sharp increase in mortality in the first year of commencing HD (2). Past and current studies seek to characterize the adverse effects of HD in other vulnerable vascular beds such as the gut, brain and kidney (3, 4). An emerging picture casts conventional HD as a unique model of a repetitive multi-organ ischemia-reperfusion injury. This might be the driving factor in excessive adverse events as diverse as post-dialysis fatigue, sleep dysregulation, loss of residual renal function, stroke, depression, cognitive impairment and exercise intolerance (5).
Priming factors of CKD-associated cardiomyopathy
In the clinical setting rather than animal models, the term CKD-associated cardiomyopathy is more precise than 'uremic' as the cardiomyopathy is detectable in the earliest stages of CKD, prior to the onset of uremic symptoms. CKD-associated cardiomyopathy is macroscopically characterized by abnormalities in cardiac geometry and function. , respectively (6). A longitudinal study of 300 patients reported a one year increase in prevalence of LVH from 40% to 49% for a 2ml/min annual decline in estimated GFR (7). The LV mass-to-volume ratio indexes LV wall thickness to cavity size, categorizing LV geometry as concentric remodeling, concentric hypertrophy or eccentric hypertrophy. The type of geometry has been noted to prognosticate cardiovascular risk beyond that by LVH alone in CKD and HD patients (8, 9). More recent studies using novel techniques, have extended the definition of CKD-associated cardiomyopathy using measures of regional abnormalities in motion (10). At a cellular level, myocyte hypertrophy is an adaptive response to several stimuli that normalize ventricular wall stress despite abnormal LV pressure or volume load to maintain cardiac output.
Cardiac growth in adolescence, pregnancy, and athletes are examples of adaptive physiological hypertrophy in health. Continuation of these driving factors allows a maladaptive process with promotion of extracellular matrix deposition, capillary apoptosis and rarefaction. Capillary rarefaction is not easily visualized but impairs coronary flow reserve by shortening diastolic coronary refill time and limiting the ability to increase blood flow in response to metabolic demand. 
Non-hemodynamic causes of LV remodeling and fibrosis
There is abundant evidence for LV remodeling independent of volume and blood pressure (16) .
Correcting hypertension incompletely attenuates LVH and not fibrosis in animal models (17) .
Insulin resistance was the major determinant of LVH in a study of patients with early stage polycystic kidney disease (18) . Insulin signaling and the Akt pathway is also strongly implicated in experimental uremic cardiomyopathy, characterized by a switch to a fetal type of energy utilization from glucose to fatty acids, enhancing susceptibility to ischemia-reperfusion injury (19).
Clinical studies targeting the Akt pathway might be a promising novel approach to prevent CKD- In particular, sodium can induce adrenal secretion of cardiotonic steroids to produce myocyte hypertrophy independent of hemodynamics, highlighting a novel mechanism by which dietary or dialysate sodium modulation might regress LVH in HD patients (27). Reduced cardiotonic steroid production rather than blood pressure reduction might be the mechanism by which aldosterone antagonism with spironolactone reduced LV mass by 14g in a 114 patient RCT in early-stage CKD patients (28).
Intra-dialytic cardiac dysfunction
Experimental and clinical data show that transiently applied coronary ischemia causes regional reductions in LV wall motion that persists for hours after the return of normal perfusion, before eventual functional recovery. This post-ischemic LV dysfunction is known as myocardial stunning and represents a form of ischemia-reperfusion injury (29). Repetitive episodes of ischemia are cumulative and eventually lead to hibernation and cardiac fibrosis (30). It is increasingly appreciated that the process of HD itself causes myocardial ischemia. Early evidence may have been intra-dialytic ischemic electrocardiographic changes and hypotension reported since the 1980s (31, 32) . Whilst highly prevalent and plausibly linked in the ischemic cascade, the studies lacked direct evidence of reduced myocardial perfusion during HD. A proof-of-concept study found a 30% reduction in myocardial blood flow during HD by positron emission tomography in the absence of coronary stenosis (33) with these findings subsequently replicated by others (34) .
Simultaneous 2D-echocardiography (2D-echo) at peak-stress (225 mins into a HD session) compared to pre-HD, showed that the ventricular regions with wall motion abnormalities matched the regions with the greatest reductions in perfusion (33) . This validated use of motion abnormalities as practical surrogates for perfusion in subsequent studies. In our natural history study of 70 patients, significant myocardial stunning during HD was noted at baseline in 64% of patients (35) . At one year, mortality was significantly greater in those with stunning at baseline.
Among survivors, the LV ejection fraction was markedly lower at rest and during HD. Patients
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showing cardiac stunning by this same definition had greater levels of gut derived endotoxin and more frequent arrhythmias (36). Other investigators showed similar findings with 27% prevalence of intra-dialytic wall motion abnormalities and increased one year mortality associated with this finding (37). Multivariable analysis showed the significant determinants of these wall motion abnormalities were age, serum troponin-T concentration, frequency of intra-dialytic hypotension and ultrafiltration volumes (35) . LV diastolic function also worsens during HD. A study performing serial 2D-echo in 109 HD patients showed systolic and diastolic LV dysfunction occurs as early as 60 minutes into HD before significant ultrafiltration has occurred (37, 38). This suggests that intra-dialytic LV dysfunction cannot entirely be explained by volume removal and may not entirely be addressed by reducing ultrafiltration rate. Inflammation may also play a role. A cross-sectional study of 105 patients explored the interaction of inflammatory cytokine profiles with intra-dialytic cardiac dysfunction (39). The group with intra-dialytic LV dysfunction (n=29, 27%) had greater baseline levels of inflammatory cytokines than those without. There was an incremental relationship between the baseline level of inflammatory cytokines and the extent of regional intradialytic LV dysfunction. Serial inflammatory cytokines increased during the HD session, although the increase was similar between the subgroups with and without intra-dialytic dysfunction.
The contribution of atherosclerotic coronary artery disease to intra-dialytic dysfunction is not known. Certainly, the strands of evidence suggest that intra-dialytic dysfunction is not merely a manifestation of undiagnosed coronary artery stenosis. Although the numbers studied were small we demonstrated reductions in myocardial blood flow during HD in patients with normal coronary angiography (33) . It is also well recognized that LVH and aortic stiffness reduce coronary flow reserve in the absence of coronary artery stenosis (40). Similar reductions in perfusion under hemodynamic stress with normal coronary arteries are an archetypal featue of any disorder associated with a stiff LV or aorta such as aortic stenosis. Children with CKD are characterized by non-atherosclerotic cardiac and vascular alterations (41). A study of 12 children using HD showed high ultrafiltration rates, frequent intradialytic hypotension with 11 (92%) demonstrating intra-dialytic LV dysfunction by wall-motion abnormalities (42). Finally, large studies of stress cardiac perfusion imaging showed an incremental effect of CKD on cardiovascular mortality amongst patients with coronary artery disease excluded by normal perfusion imaging even after adjustment for multiple cardiac abnormalities including LV mass (43). Further work continues to characterize the nature of intra-dialytic cardiac dysfunction.
Novel cardiac imaging methods as a marker of HD-associated cardiomyopathy
Cardiac magnetic resonance (CMR) imaging has greater volumetric accuracy and precision than 2D-echo which tends to overestimate LV mass in CKD (44). Due to load-dependency and reliance on geometric assumptions, LV mass index by 2D-echo may change by 26g/m 2 across a HD session compared to CMR (45) . 2D-echo remains essential for dynamic and repeated imaging during HD where CMR is impractical. 3D-echo studies in HD are anticipated as they potentially combine the volumetric precision of CMR with the practicality of bedside assessment. CMR will remain the reference standard technique for myocardial tissue characterisation as novel noncontrast techniques allow measurement of cardiac fibrosis, oedema, oxygenation and perfusion (46, 47) . The most widely used index of systolic LV dysfunction remains LV ejection fraction.
Ejection fraction infers LV systolic function of cardiac tissue by summation of endocardial borders but lacks information on regional function or cardiac tissue characterization. Lateral LV wall motion abnormalities detect circumferential myocardial fiber contraction but this captures only one vector and cannot distinguish passive motion of tethered tissue. In normal function the myocardium undergoes a complex change of shape (deformation or strain) that largely stems from myocardial fiber orientation in a double helical arrangement (48) . This allows a twisting motion and diastolic suction that is essential to efficient energy expenditure (analogous to wringing a towel). Both 2D-echo and CMR allow quantification of longitudinal, circumferential and torsional strains throughout systole and diastole using speckle-tracking and tagging respectively.
Strain differentiates active from passive motion and determines longitudinal fiber contraction that is an early marker of dysfunction due to cardiac ischemia affecting longitudinal sub-endocardial layers first in a wavefront manner (Figure 1 ) (49) . We recently characterized HD-associated cardiomyopathy using strain determined from serial CMR images tagged with a grid pattern (50) .
This identified intra-ventricular dyssynchrony and regional reductions in circumferential systolic and diastolic strain distinct from other cardiomyopathies. Two recent studies in CKD and HD show global LV longitudinal systolic strain has incremental prognostic information to ejection fraction (51, 52) . Another study recently used multivariable regression to report that aortic stiffness by pulse wave velocity and LV mass by 2D-echo, displaced global LV longitudinal strain as independent predictors of mortality in HD patients (53) . With the caveats of observational studies, this lends support to a rationale that drugs or HD modification that reduce aortic stiffness may reduce HD-associated cardiomyopathy. 
Cardioprotective strategies and HD-associated cardiomyopathy

Extended dialysis
Ultrafiltration volumes, ultrafiltration rates and inter-dialytic weight gains can be reduced by extended length or more frequent HD. In this issue, Dr Flythe discusses ultrafiltration strategies and the interaction with intradialytic hypotension in detail. In a cross-sectional study with wellmatched comparator groups, more frequent daily dialysis and nocturnal dialysis were associated with a lower incidence of intra-dialytic LV dysfunction (54) . In the Frequent Hemodialysis Network trial, 245 patients were randomized to six or three-times weekly HD (55) . After one year, frequent HD resulted in a significant reduction of LV mass (-14g 95% CI, -22 to -6g) and the authors noted that reduced inter-dialytic weight gains may have been a key factor. Intradialytic cardiac imaging was not performed but there was reduced frequency of intra-dialytic hypotension. The ACTIVE study investigators will soon report outcomes from a 200 patient RCT of extended or standard HD for 12 months with a primary outcome of quality of life and secondary outcome of LV mass (clinicaltrials.gov Identifier NCT00649298). Whilst frequent HD is a promising strategy to regress LV hypertrophy, it is resource intensive and may not be universally acceptable to patients nor feasible in all healthcare systems. Simple, low cost interventions that reduce intra-dialytic cardiac dysfunction and HD-associated cardiomyopathy within the constraints of conventional thrice weekly HD schedules are of value.
Dialysate composition
In a short-term randomized crossover observational study we reported reduced intra-dialytic cardiac dysfunction using a biofeedback technique that modulates dialysate sodium and ultrafiltration rates in response to relative blood volume (56) . This is promising but requires specialized equipment that discourage larger trials or clinical use. Individualizing dialysate sodium alone might reduce intra-dialytic cardiac dysfunction in the short-term and prevent or regress cardiomyopathy in the long-term. Recent observational data suggest that facility levels of dialysate calcium are associated with intradialytic hypotension and heart failure hospitalization further supporting a rationale for individualized dialysate prescription (57) . The long-term effects of lower dialysate sodium on cardiomyopathy are subject to a current RCT with a primary outcome of LV mass (58) .
Cooler dialysate
Intradialytic hypotension is independently associated with mortality whilst intra-dialytic myocardial stunning is reduced by cooler dialysate. The reduction in intradialytic hypotension by cooling the dialysate was first demonstrated by the pioneering work of Maggiore who showed that the superior hemodynamic stability associated with isolated ultrafiltration was entirely mediated through lower temperature in the extra-corporeal circuit (59) . A retrospective observational study of 910 patients suggests that lower temperature dialysis was associated with reduced hazard for all-cause mortality. A recent systematic review of cooler dialysate analyzed 26 RCTs with 484 patients (60) . Compared with standard temperature dialysis, cooler dialysis reduced the rate of intradialytic hypotension by 70% (95% CI, 49-89%) with no change in small solute clearance.
Confidence in the estimates was limited by small sample sizes, attrition and a lack of appropriate blinding with no trial reporting long-term outcomes (60) . We recently reported significant longerterm cardiac benefits of cooler dialysate in a RCT of 73 patients new to conventional 4 hours, thrice weekly, in-center HD. After 12 months, LV mass index was reduced by 15g, LV dilation was reduced, systolic and diastolic function was preserved, aortic distensibility was preserved and there was no change in the LV ejection fraction (61) . The magnitude of cardiac benefits was similar to those seen in the Frequent Hemodialysis Network trials but without resource or time implications. Improved intradialytic hemodynamics represents one of several mechanisms by which cooler dialysate might prevent worsening of cardiomyopathy. Pre-clinical data supports that lower temperatures protect cardiac myocytes from ischemic injury through multiple pathways (62) .
The protective effects of cooler dialysate are likely to extend to other vulnerable vascular beds.
We recently reported that cooler dialysate protected patients from ischemic brain injury over 12 months (63) . Given the low cost, simple delivery and potential benefits, a larger RCT of cooler dialysate with a primary composite outcome of mortality and major cardiovascular events is in recruitment (clinicaltrials.gov Identifier: NCT02628366).
Ischemic conditioning
Augmenting protective responses to ischemia might be a potent way to reduce intra-dialytic cardiac dysfunction. Remote ischemic preconditioning (RIPC) by brief episodes of sub-lethal ischemia and reperfusion in a remote organ induces a state of protection from subsequent prolonged myocardial ischemia-reperfusion injury. In phylogenetic terms, RIPC is likely to be an ancient protective response as it is ubiquitous in tissues and highly conserved across species.
There are 2 phases of protection; the early phase, within minutes of the preconditioning stimulus for up to 4 hours and a so-called 'second window', 24 hours after the preconditioning stimulus, lasting for around 72 hours. How this benefit is mediated remains to be fully elucidated but involves induction of intracellular kinases and changes in mitochondrial function (64) . The preconditioning signal is spread systemically by neurohumoral mechanisms with some mediators identified but several undiscovered. The protective response of RIPC can be mimicked by augmenting some of these mediators (65) . RIPC can be induced simply by applying a blood pressure cuff to a limb for 5 minutes or more at greater than systolic pressure. This has proven to be safe with encouraging results for cardiac and renal protection in several smaller studies reporting surrogate outcomes. Two recent landmark multi-center RCTs of more than 3000 patients suggest no difference in cardiac or renal outcomes between RIPC and sham treatment (47) .
Conclusion
An emerging picture casts conventional HD as capable of inducing a repetitive multi-organ ischemia-reperfusion injury. This was first recognized as intra-dialytic cardiac dysfunction. This may be a key factor in the high mortality in the first year of HD and the failure of many drug therapies to impact on cardiovascular mortality. Simple, safe and low cost interventions that are universally applicable might avoid the complexity and cost of identifying intra-dialytic cardiac dysfunction. Combining preventive with protective strategies is rational. As the evidence base for novel therapeutic strategies matures, HD may undergo a shift in focus from the empirical delivery of solute clearance to a personalized therapy that balances solute and fluid removal with microvascular protection. Such protective strategies may benefit the heart, brain, gut and residual kidney function with potential impacts on symptoms and quality of life. 
